We investigated the weight transferring aspect of gait pattern during treadmill walking and muscle strength of the knee extensors and flexors following unilateral anterior cruciate ligament (ACL) reconstruction surgery. At 6 and 12 postoperative months, 11 patients (six men, five women) walked on a split-belt treadmill with two embedded force plates at their preferred speeds, 20% slower and 20% faster. Seventeen healthy control subjects (nine men, eight women) were also evaluated. Peak values of three components of ground reaction force (vertical, anteroposterior, and mediolateral) were measured bilaterally, and their variabilities were analyzed by coefficients of variation (CVs). The CVs for the anteroposterior forces differed between the reconstructed and contralateral limbs at 6 postoperative months, and this difference disappeared at 12 months. This was not matched by the time course change of quadriceps strength since quadriceps weakness in the reconstructed limb persisted up to 12 months postoperative. These findings suggest that gait alteration in anteroposterior forces may not be caused by quadriceps weakness alone, and the reconstructed and contralateral limbs may compensate for gait execution over the first year following ACL reconstruction surgery.
Introduction
Anterior cruciate ligament (ACL) reconstruction is the most widely accepted surgical intervention for ACL injury 1) . ACL reconstruction enables athletes to regain joint stability and return to pre-injury activity levels 2) . However, individuals undergoing ACL reconstruction often experience gait alterations in terms of joint mechanics, especially with reference to movement of the reconstructed knee in the sagittal plane 3) . The biomechanics of gait patterns following ACL reconstruction have been assessed for both reconstructed and contralateral knee joints for clarifying the behavior of the lower limb during walking and evaluating the magnitude of asymmetry 4, 5) . Gait asymmetry is generally defined as a statistically different bilateral measurement, and it often involves gait pathology 6) . One of the main factors associated with gait alterations is quadriceps weakness 7, 8) . Quadriceps weakness in the reconstructed limb commonly occurs after ACL surgery 9, 10) and may contribute to the gait alterations seen in this patient population 3, 7) . After initial contact, the limb bears the full body weight and absorbs the ground reaction forces (GRFs) through the joints, especially during knee flexion, which is controlled by eccentric contraction of the quadriceps. However, quadriceps weakness may not be able to control knee flexion with decreased eccentric contraction, resulting in gait asymmetry. Gait is achieved by driving the body's center of mass in the desired direction using an external force, and can be evaluated with GRF variability using coefficients of variation (CVs) 11) . Adequate variability in movement patterns within the typical range was proposed to be necessary for functional movements, since lower variability may exert localized mechanical stress on specific anatomical structures 12) , while higher variability may affect the next movement 13) . Both lower and higher movement variabilities may contribute to further injuries 12, 13) ; therefore, inadequate variability should be resolved with rehabilitation interventions prior to returning to sports activities. Since few studies have assessed gait patterns with GRF variability, evaluating GRF variability as the weight-transferring aspect of joint mechanics and assessing overall gait patterns of individuals who have undergone ACL reconstruction surgery is necessary.
The purpose of this study was to evaluate gait patterns *Correspondence: takuma9@asagi.waseda.jp in patients who underwent ACL reconstruction by assessing variability in GRF and muscle strength of the knee extensors and flexors. We used magnitude of asymmetry as the main indicator of gait alteration in relation to muscle strength in knee extension and flexion, as well as the time from ACL reconstruction.
Methods

Subjects.
A total of 28 subjects participated in this study. The ACL-reconstructed group included 11 patients (six men, five women; mean age, 20.5 ± 1.2 years; mean height, 164.5 ± 7.1 cm; mean body weight, 60.9 ± 8.8 kg at 6 months postoperative) who underwent double-bundle ACL arthroscopic reconstruction surgery using the tendon of the ipsilateral semitendinosus muscle as an autograft. The surgeries were performed on the right knee in four patients and on the left knee in seven patients by the same orthopedic surgeon at the same facility (Table 1) . Specific inclusion criteria for the ACL-reconstructed group in this study were as follows: 1) no severe meniscal and/or ligamentous injuries of the knee besides the ACL injury that required surgical repair; 2) double-bundle ACL reconstruction surgery utilizing a semitendinosus autograft performed by the same orthopedic surgeon; 3) monthly follow-up clinical examination for 6 months and every 3 months thereafter for the first 12 months postoperative to ensure absence of pain or abnormal joint laxity, as well as to ensure range of motion in the reconstructed knee joint; 4) permission to gradually rejoin athletic team practice at 6 months postoperative and full return to sports at 12 months; and 5) knee injury and osteoarthritis outcome score ≥ 80 (mean of all five subscores). All patients in this study were highly-trained competitive athletes who played college sports.
All patients participated in the same supervised basic rehabilitation program at the same facility. The time course of the basic rehabilitation program after postoperative treatments was as follows: 1) partial weight bearing at 2 weeks postoperative, and full weight bearing at 3 weeks postoperative, 2) stationary bicycling and exercises with partial weight bearing at 3 weeks postoperative, 3) strengthening exercises for the isotonic quadriceps and hamstring muscle at 4 weeks postoperative, 4) jogging and full-speed running at 12 and 16 weeks postoperative that progressed to agility and sports-specific drills, and 5) return to sports activity at 6-8 months postoperative.
Seventeen healthy individuals (nine men, eight women; mean age, 22.9 ± 1.1 years; mean height, 164.9 ± 10.5 cm; mean body weight, 56.6 ± 8.8 kg) who performed regular physical exercise and had no history of lower limb injuries in the 6 months prior to this study served as the control group. Individuals were also excluded if they had a history of lower limb surgery.
All subjects received a detailed explanation of the experimental procedures and risks before their data were recorded. Written informed consent was obtained from all subjects. The study was approved by the Ethics Committee on Human Research of Waseda University in Japan (approval number 2011-111 [1] ).
Procedures and data analysis. Subjects were required to walk on a TM-07-B split-belt treadmill (Bertec Corp., Columbus, OH, USA). First, they were instructed to walk naturally in the middle of the treadmill, followed by walking at speeds controlled by the experimenter to determine their preferred walking speed. After the preferred speed was determined, walking speeds for slow (20% slower than preferred) and fast (20% faster than preferred) conditions were calculated. The three different walking conditions (slow, preferred, and fast) were set based on a previous study focusing on biomechanical changes in gait 14) . Prior to the recordings, a 5-minute warm-up session was performed to familiarize each subject with each condition; each condition was subsequently performed for 2 minutes. The order of the conditions was slow, preferred, and fast, since the subjects in our pilot experiment expressed discomfort with speed changes from "slow to fast" or from "fast to slow." Patients participated in the experiment using the same walking conditions at 6 and 12 months postoperative.
Three GRF components (vertical [Fz] , anteroposterior [Fy] , and mediolateral [Fx]) were individually recorded for both limbs by two force plates embedded in the splitbelt treadmill at a sampling rate of 1 kHz (Power Lab; ADInstruments, Sydney, Australia). Force data were filtered with a fourth-ordered Butterworth 8-Hz low-pass filter with zero-phase lag. Heel contact and toe-off were detected by a 10-N threshold for Fz, which determined the stance phase (from heel contact to toe-off) and swing phase (from toe-off to heel contact) in a gait cycle. Fifteen gait cycles for both limbs at each walking speed were collected after 30 seconds for 2 minutes. For temporal parameters, stance time (time from heel contact to toe-off) and swing time (time interval between toe-off and heel contact) were calculated for each gait cycle.
For force analysis, the peak of each force component was identified as Fz1, Fy1, and Fx1 in the early stance and as Fz2 and Fy2 in the late stance (Fig. 1) . Fz typically has two peaks for walking, reflecting the absorption of vertical force from initial contact to mid-stance, followed by push-off before takeoff. These peaks interact with the vertical movement of the center of mass, which peaks at mid-stance 15, 16) . Fy also has two peaks, reflecting the breaking force from initial contact to mid-stance, followed by a propulsive force before takeoff. Fx reflects balance of the stance phase, showing medially-directed peak force from initial contact to mid-stance. The variability of each peak value was analyzed by its CV 11) . In addition to gait analysis, muscle strength of the knee extensors and flexors in both reconstructed and contralateral limbs was measured on separate days a month prior to or after performing the gait analysis. The muscle strength in the control group was not measured since the contralateral limb was used as an internal control, and the magnitude of side-to-side variation was utilized as the main indicator of alteration, which is one of the crucial determinants of resuming sports activities for patients who undergo ACL reconstruction 17) . An isokinetic dynamometer (Biodex System 3; Biodex Medical Systems, Shirley, NY, USA) was used at a velocity of 60°/s and 180°/s to measure muscle strength of the knee extensors and flexors 17, 18) . Patients were seated on the isokinetic dynamometer with the knee flexed at 90° as the starting position and were instructed to move the knee to full extension first and then flexion. After a practice session, they were instructed to "push as hard as possible" with maximum strength thrice during voluntary knee extension and flexion. The contralateral limb was tested first, followed by the reconstructed limb. The maximal torque of the reconstructed limb, which was normalized to body weight (maximum torque/body weight × 100), was compared with that of the contralateral limb.
Statistical analysis. Three patients did not complete the study because of a hamstring strain (two men) and an internal disease (one woman) that was present at the 12-month follow-up clinical examination. Therefore, the analysis included the data of 17 subjects in the control group, 11 subjects with ACL reconstruction at 6 months postoperative, and eight with ACL reconstruction at 12 months postoperative. In the control group, the data on the left and right limbs was averaged and defined as the control limb.
Analysis of variance (ANOVA) was performed for the group differences using data on temporal gait parameters (stance and swing) and CVs of GRFs (Fz1, Fz2, Fy1, Fy2, and Fx1) as group factors (ACL-reconstructed group at 6 months, ACL-reconstructed group at 12 months, and control group) and walking speed (slow, preferred, and fast). In the ACL-reconstructed group at 6 months and ACL-reconstructed group at 12 months, the reconstructed limb data were subjected to ANOVA for comparison with the control limb.
In addition, the reconstructed limb data at 6 months and 12 months were subjected to ANOVA for comparison with the contralateral limb in the ACL-reconstructed group.
Moreover, data on muscle strength in extension and flexion were considered separately for ANOVA with factors of velocity (60°/s vs. 180°/s) and limb (reconstructed vs. contralateral) as intra-subject factors.
Statistical analyses were performed using SPSS version 22 (SPSS Inc., Chicago, IL, USA). Statistical significance was set at P < 0.05.
Results
The average walking speeds for the preferred, fast, and slow conditions were 0.85 ± 0.10 (men, 0.85 ± 0.10; women, 0.84 ± 0.09) m/sec, 1.05 ± 0.10 (men, 1.05 ± 0.10; women, 1.04 ± 0.09) m/sec, and 0.65 ± 0.10 (men, 0.65 ± 0.10; women, 0.64 ± 0.09) m/sec for patients at 6 months postoperative, respectively, and 0.76 ± 0.13 (men, 0.84 ± 0.10; women, 0.66 ± 0.07) m/sec, 0.96 ± 0.13 (men, 1.04 ± 0.10; women, 0.86 ± 0.07) m/sec, and 0.56 ± 0.13 (men, 0.64 ± 0.10; women, 0.46 ± 0.07) m/sec for the control subjects, respectively. Fig. 1 shows the average trajecto- To compare limbs in the ACL-reconstructed group, no significant effects of limb in stance or swing times were observed at 6 or 12 months postoperative. (Fig. 2) .
CVs of GRFs.
No significant effects of group and walking speed were observed in Fx1 at 6 and 12 months postoperative. full weight and control knee flexion 24) . Therefore, weaker quadriceps muscles would be unable to stabilize the knee joint under substantial load 7, 23) . From this perspective, we speculate that quadriceps weakness in the reconstructed limb cannot bear or respond to various breaking GRFs to maintain a proper gait pattern. In the present study, a significant difference in quadriceps strength between the two limbs was found at 6 months postoperative regardless of angular velocity or knee motion direction; quadriceps weakness at 60°/s persisted at 12 months postoperative (Table 4 ). In contrast, the differences in the CVs of Fy1 between the reconstructed and contralateral limbs, observed at 6 months postoperative, did not match the time course change of gait patterns.
Muscle strength.
Gockeler and colleagues 25) performed a gait analysis of subjects with ACL reconstruction in relation to isokinetic quadriceps strength. The authors reported that altered gait patterns were observed in knee kinematics, but that no significant correlation was observed between knee kinematics and quadriceps strength. Rudolph and colleagues 26) performed a similar study utilizing three-dimensional motion gait analysis in ACL-deficient subjects. This study group also found no correlation between knee kinematics and isometric quadriceps strength. This may be attributed to the fact that normal gait is not a high-intensity exercise and does not place a great demand on quadriceps strength; in contrast, at increased levels of exercise intensity, a correlation between gait and quadriceps strength might develop. Taking these findings into consideration, quadriceps weakness itself might not be directly correlated with Fy1 variability during normal gait, which might not be explained simply by quadriceps weakness. For a deeper understanding the execution of gait executed in patients who undergo unilateral ACL reconstruction, analyzing gait patterns at increased exercise intensity levels in addition to muscle strength is necessary.
This study has certain limitations. First, only 11 patients who underwent ACL reconstruction surgery prior to return to sports activities participated. We included patients who met stringent inclusion criteria to exclude possible factors that might affect gait. We also studied patients only 6 and 12 months after undergoing semitendinosus autografting. Although Moraiti and colleagues 22) suggest that reconstruction methods (bone-patellar, tendonbone vs. semitendinosus-and-gracilis) may not directly affect gait patterns of knee flexion-extension movements 2 years after ACL reconstruction, the correlation between reconstruction method and gait pattern within 1 year after ACL reconstruction remains unclear. Studying larger numbers of subjects with respect to graft type used for the reconstruction surgery and time since ACL reconstruction is necessary to confirm the present results.
In conclusion, similar gait patterns for the reconstructed limb and contralateral limb at 6 and 12 months postoperative were demonstrated at three walking speeds. In contrast, the variability of breaking component of GRFs knee extension and flexion. At 12 months postoperative, a significant effect of velocity was observed in extension (F [1, 7] = 9.09, P < .01), but not in flexion, whereas significant effects of limb were observed in both extension (F [1, 7] = 256.24, P < .01) and flexion (F [1, 7] = 67.28, P < .01). The reduced muscle strength in knee extension in the reconstructed limb persisted regardless of angular velocity. No significant effect of interaction was observed at 6 or 12 months postoperative.
Discussion
The authors examined the weight transferring aspect of gait pattern in patients with ACL reconstruction at 6 and 12 months postoperative by assessing GRF variability in both reconstructed and contralateral limbs. The present results indicate that the ACL-reconstructed group and control group have similar gait patterns in terms of GRF temporal parameters and CVs regardless of time from reconstruction and walking speed. In contrast, for the ACL-reconstructed group, the CVs of Fy1 (the breaking component of GRF) was significantly smaller in the reconstructed limb than in the contralateral limb at 6, but not at 12 months postoperative.
In the present study, the CV of Fz increased with walking speed in the reconstructed and control limbs, suggesting that walking speed affects the variability of vertical sway of the body. In contrast, the CV of Fy decreased as walking speed increased. Fy (anteroposterior force) is known to increase with an increase in walking speed 19) , which is mainly affected by step length 20) , and variability in this step length was minimal at the free (preferred) walking speed during treadmill walking 21) . Increasing walking speed may enhance the reproducibility of step length and result in increased reproducibility of breaking and accelerating body mass patterns. Moreover, the CV of Fx did not change. Gait was similarly modulated in the mediolateral direction at all walking speeds during treadmill walking.
Moraiti and colleagues 22) have identified a compensatory mechanism in gait biomechanics after ACL reconstruction surgery. They reported that the reconstructed knees exhibited more divergence in the movement trajectories during walking compared to the contralateral knees, possibly to maintain some degree of symmetry between limbs 22) . In the present study, we assume that during gait execution in subjects who undergo ACL reconstruction, the contralateral limb might be utilized to adjust walking speed and enable the reconstructed limb to maintain a steady gait cycle, resulting in a large CV at weight acceptance in the contralateral limb.
Previous investigations have proposed that quadriceps weakness in the reconstructed limb might alter knee and/ or weight acceptance kinematics 7, 23) . For human gait, the quadriceps muscles are required to contract eccentrically during weight acceptance for the limb to bear the body's was less in the reconstructed limb than in the contralateral limb at 6 months postoperative, but not at 12 months postoperative. This was not matched by the time course change of quadriceps strength as quadriceps weakness in the reconstructed limb, which persisted up to 12 months postoperative. These findings suggest that the variability of breaking component of GRFs in gait might not be caused by quadriceps weakness alone, and that the reconstructed and contralateral limbs seem to compensate for each other to enable gait execution over the first year following ACL reconstruction surgery. However, the appearance and disappearance of this variability after ACL reconstruction surgery remains unknown. Further investigation is required to describe this postoperative compensatory mechanism during gait at increased exercise intensities and muscle strengths.
